The toxicity caused by different organisms in septic shock is substantially complex and characterized by an intricate pathogenicity that involves several systems and pathways. Immune cells' pattern recognition receptors initiate the host response to pathogens after the recognition of pathogenassociated molecular patterns. In essence, the subsequent activation of downstream pathways may progress to infection resolution or to a dysregulated host response that represents the hallmark of organ injury in septic shock. Likewise, the management of organism toxicity in septic shock is complicated and comprises a multiplicity of suitable targets. In this review, the classic immune responses to pathogens are discussed as well as other factors that are relevant in the pathogenicity of septic shock, including sepsis-induced immune suppression, inflammasome activation, intestinal permeability, and the role of lipids and proprotein convertase subtilisin/kexin type 9. Current therapies aiming to eliminate the organisms causing septic shock, recent and ongoing trials in septic shock treatment, and potential new therapeutic strategies are also explored.
Introduction
Any infection (bacterial, fungal, viral, parasitic) can potentially progress to sepsis and septic shock. Although different pathogens share several characteristics, there are also distinct pathogenicities and toxicities, i.e., that are specifically associated with each unique organism. This review will focus on the pathogenicity and toxicity associated with bacterial infections during sepsis as well as current management and potential new therapeutic targets. We discuss classic immune responses in sepsis, and add exciting recent information about the natural processes for endotoxin clearance during sepsis that could provide novel therapeutic strategies to complement management with antibiotics.
Organism Toxicity in Septic Shock

Pathogenicity
The innate immune system is an evolutionarily conserved system, acting as a first line of defense against exogenous and endogenous threats to the host, such as infections ( Fig. 1) . It includes diverse cells such as macrophages, dendritic cells, neutrophils, natural killer cells, and innate lymphoid cells. The destruction and clearance of invading pathogens and the resolution of other threats to the host require complex coordination of multiple innate immune pathways [1] .
The host response to a bacterial infection occurs initially by the recognition of pathogen-associated molecular patterns (PAMPs) by pathogen sensors known as pattern recognition receptors (PRRs) on immune cells. The leading families of PRRs are Toll-like receptors (TLRs), C-type lectin (CLEC)-like receptors, retinoic acid-inducible gene 1 (RIG-I)-like receptors, nucleotide-binding oligomerization domain (NOD)-like receptors, cytosolic DNA sensors, and inflammasomes. The interplay between these recognition molecule families ensures the efficient coordination of innate immune responses, through either synergistic or cooperative signaling [2] . Although pathogenicity of sepsis/septic shock involves specific (and complex) pathways, the inflammatory response to sepsis varies according to the specific organism, organism load, host genotype, underlying host conditions (especially immunodepression), and immunosuppressing drugs.
Toll-Like Receptors
TLRs are transmembrane receptors that specifically recognize PAMPs present in gram-positive (lipoteichoic acid, LTA), gram-negative (lipopolysaccharide, LPS) bacteria and viruses. They are located at the cellular membrane (TLR1, TLR2, TLR4, TLR5, TLR6) and in intracellular membranes (TLR3, TLR7, TLR8, TLR9), recognizing both PAMPs at the cell surface or in the cytosol, respectively [3] . Based on their primary sequences, TLRs can be further divided into several subfamilies, each one recognizing related PAMPs. Lipoproteins or lipopeptides in gram-positive bacteria are recognized by TLR2 complexed with TLR1 or TLR6, viral double-stranded RNAs by TLR3, LPS by the TLR4/MD2 complex, bacterial flagellins by TLR5, viral and bacterial single-stranded RNAs by TLR7 or TLR8, and CpG-rich undermethylated DNAs by TLR9. The activation of most TLRs by ligand binding results in dimerization, conformational changes and downstream signaling involving receptor/adaptor complexes that culminate with the translocation of nuclear factor (NF)-κB and/or interferon regulatory factor (IRF) 3 to the nucleus, which is followed by proinflammatory cytokine and type I interferon (IFN) transcription, respectively [3] . Importantly, the prompt production of proinflammatory mediators is accompanied by the production and release of anti-inflammatory mediators too [4] . Thus, the initial proinflammatory response is accompanied by increasing immunosuppression (see below).
NOD-Like Receptors NOD-like receptors (NLRs) are special types of PRRs that sense cytosolic microbial and danger components. After the recognition of peptidoglycans on bacterial cell walls, NOD1 and NOD2 trigger inflammatory signaling, similar to the production of proinflammatory cytokines by TLRs, via the activation of NF-κB and activator protein 1 (AP-1). Inflammasome-associated NLRs such as NLRP1 and NLRP3 activate the inflammasome complex that is triggered by their recognition of PAMPs and DAMPs [5] . The inflammasome creates an unique inflammatory response, resulting in the maturation and release of IL-1β and IL-18.
RIG-I-Like Receptors RIG-I-like receptors (RLRs) are a family of cytoplasmic RNA helicases that recognize viral RNA genomes, replication intermediates, and/or transcription products. RLRs include the RNA sensors RIG-I and melanoma differentiation-associated protein (MDA)-5, which, upon activation, induce transcription factors that control the transcription of genes encoding interferons and other cytokines. The cytosolic protein ATP-dependent helicase LGP2, which contains an RNA-binding domain, acts as a negative feedback regulator of both RIG-I and MDA-5 [6] .
CLEC-Like Receptors CLEC-like receptors (CLRs) encompass a large family of proteins characterized by the presence of at least one CLEC-like domain. They are involved mostly in fungal recognition and in the modulation of the innate immune mechanisms for pathogen clearance or antigen presentation to T lymphocytes. The principal human CLRs are the surface receptors dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN), Dectin-1, Dectin-2 and Mincle, and the soluble receptor mannose-binding lectin (MBL) [7] .
The Host Response and the Development of Organ Dysfunction in Sepsis
Sepsis and septic shock result in both the widespread activation and the impairment of the innate immune system, characterized by disturbances in the fine balance between pro-and anti-inflammatory, and coagulation and anticoagulation responses [8] . Excessive inflammation is initiated by the production and release of proinflammatory cytokines mediated by PRR signaling (discussed earlier), followed by a crosstalk with the vascular endothelium and the coagulation systems [9] . DOI: 10.1159/000487818
Endothelial cells are constantly exposed to pathogens and endotoxins, so it is not surprising that endothelial injury is nearly universal in sepsis. Consequences of endothelial dysfunction and injury include blood flow changes (decreased flow and nonlaminar flow), vascular leakage, and coagulation activation. Cytokines and reactive oxygen species (ROS) released by activated immune cells such as neutrophils induce a global increase in the production of nitric oxide (NO) mediated by the expression of inducible NO synthase (iNOS) [10] . The heterogeneity of iNOS expression by endothelial cells contributes to a variety of alterations in blood flow (decreased in some vascular beds and increased in others) typical of sepsis. There is a concurrent presence of capillaries with increased flow, normal flow, intermittent flow, or even stopped flow [11] .
Endothelial barrier disruption causes increased vascular permeability and leakage, the major phenotype of endothelial dysfunction [12] . The cytokine-induced upregulation of adhesion molecules on the endothelium (intracellular adhesion molecule [ICAM] and vascular cell adhesion molecule 1 [VCAM-1]) and neutrophils (selectins) promotes the adhesion and diapedesis of neutrophils and the consequent release of proteases and ROS [13] . These substances, in association with the effects of iNOS (the loss of inhibitory effects on platelet and neutrophil activation, mediated by endothelial NOS) contribute to denudation of glycocalyx, further exposure of adhesion molecules, and impairment in endothelial barrier function [12] .
The intermittent or stopped blood flow induced by both excessive NO and coagulation activation and the in-Immune Suppression of Sepsis Septic shock can initiate an immunosuppressed state that can exceed the proinflammatory response, and this often starts about 3-4 days after the onset of septic shock [15] . This immunosuppressed state is characterized by the production of inhibitory cytokines such as interleukin (IL)-10 and IL-4, which limit the intensity of immune cell activation and negatively modulate inflammation. This immunosuppressed phase can progress to an upsurge in the release of anti-inflammatory cytokines that can progress to a state of quite profound immune suppression, the so-called compensatory anti-inflammatory response syndrome. This syndrome contributes to the increased risk of secondary and opportunistic infections, and late deaths associated with sepsis and septic shock [8] .
Sepsis-induced immune suppression is mediated by lymphocyte exhaustion, increased rates of B and T cell apoptosis (mediated by programmed death-1/programmed death ligand-1 [PD1/PDL1] signaling), [16] and immunoparalysis (or endotoxin tolerance) [17] . The latter is characterized by decreased expression of human leukocyte antigen type 2 (HLA-DR) on monocytes and a reduction in the production of cytokines by macrophages and monocytes upon inflammatory stimulus [17] . Other late features of septic shock are the expansion of regulatory T cells [18] and myeloid suppressor cells [17] , Th2 cell polarization, and reprogramming of macrophages to an M2 phenotype, all of which contribute to decreasing inflammation and impaired phagocytosis [17] .
Other Factors Involved in the Pathogenicity of Sepsis and Septic Shock
Lipoproteins and Proprotein Convertase Subtilisin/ Kexin Type 9 LPS in gram-negative bacteria and LTA in gram-positive bacteria are key lipid moieties of bacterial cell walls that stimulate the immune system. These pathogen lipids (PLs) can enter injury pathways or enter clearance pathways. PLs are recognized by TLRs as PAMPs, and promote a proinflammatory response, or can be sequestered within any lipoprotein particles present, e.g., high-density lipoprotein (HDL), low-density lipoprotein (LDL), . LPS is then recognized by inflammatory caspases that activate the inflammasome, resulting in the release of mature IL-1β and IL-18. Proinflammatory cytokines activate neutrophils, platelets, and NET formation that generate DAMPs (histones, HMGB1, and cell-free DNA). DAMPs are recognized by TLR4 that further stimulates a proinflammatory response. Activated platelets and neutrophils lead to increases in TF and ROS that contribute to changes in endothelial cells (coagulation activation with clot formation, decreases in blood flow, and the upregulation of iNOS, ICAM, and VCAM-1 in endothelial cells. There is also upregulation of adhesion molecules in leukocytes (selectins and integrins). DAMPs also contribute to these effects on endothelial cells by the activation of immune cells, and further release of proinflammatory cytokines. Increased vascular permeability, interstitial edema, and capillary leakage cause tissue hypoxia that can progress to organ dysfunction and death. Intestinal dysfunction occurs mostly by the impairment of intestinal tight junctions and apoptosis, which lead to increases in intestinal permeability, bacterial translocation, and transcytosis. Anti-inflammatory cytokines that are also released into the circulation during sepsis may cause CARS and/or immune suppression. Both, in conjunction with the intestinal alterations in sepsis, contribute to increased rates of secondary and opportunistic hospital-acquired infections and hospital readmissions, factors associated with sepsis-associated late deaths. Alternatively, LPS can be sequestered within lipoprotein fractions in a process mediated by lipid transfer proteins such as LBP and PLTP. Initially, LPS is transferred to HDL and then from HDL to other lipoprotein fractions, such as LDL (again mediated by lipid transfer proteins such as LBP, PLTP, CETP, and possibly BPI). LPS within LDL is taken up by the LDLR and gets cleared from the body through the bile duct. Major pathways (black arrows); secondary pathways (dotted arrows); activation (+); increases (↑); decreases (↓). TLR, toll-like receptor; LPS, lipopolysaccharide; NF-κB, nuclear factor κB; AP-1, activator protein 1; IRF3, interferon regulatory transcription factor 3; IL, interleukin; NET, neutrophil extracellular trap; DAMPs, damage-associated molecular patterns; HMGB1, high-mobility group box 1; TF, tissue factor; ROS, reactive oxygen species; EC, endothelial cell; iNOS, inducible nitric oxide synthase; CARS, compensatory anti-inflammatory response syndrome; BT, bacterial translocation; SRB1, scavenger receptor class B type 1; LBP, lipopolysaccharide binding protein; PLTP, phospholipid binding protein; CETP, cholesteryl-ester transfer protein; BPI, bactericidal/permeability increasing protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein; LDLR, LDL receptor; ICAM, intercellular adhesion molecule; VCAM-1, vascular cell adhesion molecule. very low-density lipoprotein (VLDL), and chylomicrons [19, 20] . When released into the circulation, PLs are initially bound to transfer proteins, notably LPS-binding protein (LBP) and phospholipid-transfer protein (PLTP), and then incorporated into HDL particles [21] . Next, in a process also mediated by transfer proteins (including LBP, PLTP, and cholesteryl ester transfer protein [CETP]), PLs are transferred to ApoB-containing lipoproteins (LDL, VLDL, and chylomicrons). PLs within lipoproteins are then cleared from the circulation by the liver (Fig. 2) . Hepatic clearance of LPS involves primarily the LDL receptor (LDLR) and possibly other receptors such as scavenger receptor class B type 1 (SRB1). After uptake by hepatocytes, PLs, mostly within LDL particles, are then excreted into the bile [22] . Recent evidence suggests that PL clearance can be modulated and that proprotein convertase subtilisin/kexin type 9 (PCSK9) is one of the key players in this process. PCSK9 targets the LDLR on hepatocytes for lysosomal degradation within cells, preventing LDLR recycling, and thereby decreasing LDLR concentrations and also the clearance of LPS. PCSK9 is thus a "bad guy." In contrast, reduced PCSK9 activity increases LDLR concentration on the surface of hepatocytes and also the clearance of PLs transported in LDL by the liver [22] . Accordingly (discussed below in detail), PCSK9 inhibition may be a novel strategy to increase PL clearance and thus complement the established efficacy of early antibiotics in sepsis. Inflammasomes PAMPs and DAMPs in sepsis activate NF-κB and thus promote the transcription of NLR3, the best characterized inflammasome. Cytosolic LPS is detected by inflammatory caspases (caspases 4 and 5 in humans and caspase-11 in mice), mediated by the specific binding of LPS (the lipid A portion) and the caspase activation and recruitment domain of caspases. Oligomerization and activation of caspases (4, 5, or 11) activate inflammasomes, causing the release of mature IL-1β and IL-18 (by cleaving the inactive precursors pro-IL-1β and pro-IL-18 in the cytosol). Moreover, excessive concentrations of LPS can cause hyperactivation of the caspase 4, 5, and 11 pathways, the induction of uncontrolled inflammation, and septic shock [23] .
Intestinal Permeability, Bacterial Translocation, and Intestinal Epithelial Apoptosis Gut integrity is compromised in critical illness such as sepsis, with increases in intestinal cell apoptosis and permeability. The major functions of the intestinal epithelium (nutrient absorption and barrier) are mediated by cell-cell intramembrane protein interactions within tight junctions [24] . Reduced perfusion and impaired oxygen delivery to the gastrointestinal tract in sepsis increases intestinal permeability and bacterial translocation (the passage of viable bacteria or their products from the intestinal lumen to extraintestinal sites) [24] . Apoptosis of intestinal cells by the host immune response in sepsis contributes to impaired gut integrity and increased intestinal permeability. In addition, transcellular transport of bacteria and endotoxin can occur through lipid rafts (membrane microdomains activated by receptor molecules such as CD14 and TLR4), permitting the passage of bacteria and endotoxins without disrupting the tight junctions. Pathogens can therefore migrate across the intestinal cell cytoplasm and exit from the opposite surface [25] . Sepsis-induced increased intestinal cell apoptosis, permeability, and bacterial transcytosis contribute to the spread of bacteria and endotoxins into the systemic circulation, increasing the risk of organ dysfunction.
Management of Organism and Organism Toxicity in Septic Shock
Antimicrobial Therapy Early antibiotics increase survival from septic shock, and other aspects of septic shock management have improved, in particular better and more appropriate supportive therapy (e.g., ventilatory support, renal replacement therapy, nutrition, and limited transfusion and sedation). However, many clinical trials of drugs and devices that aimed to modulate the host immune response to sepsis have failed [26, 27] .
Kumar et al. [28] were the first to describe the striking association of early antimicrobial administration (within the first hour of documented hypotension) with increased survival. In agreement with the Canadian study, Seymour et al. [29] showed, in a large retrospective study on 50,000 septic patients in the USA, that for every hour antimicrobial administration is delayed, the likelihood of in-hospital death increases by 4%. Delays of > 6 h were associated with hospital mortality rates of > 25%.
Antibiotics decrease the bacterial load in septic shock [30] , so their early administration must be efficacious. Early antibiotics are commonly selected based empirically on: (1) infection characteristics such as the source of infection, the local organism resistance pattern, and community-acquired versus nosocomial infection, and (2) host factors such as age, concomitant chronic diseases, and immune status. Accordingly, empirical broad-spectrum antibiotics that cover all likely pathogens are recommended in the Surviving Sepsis Guidelines [31] .
Among patients with septic shock caused by gramnegative bacteria, the incidence of extended-spectrum β-lactamase-producing bacteria has increased. Both β-lactam/β-lactamase inhibitors and carbapenems are currently used to treat these patients, but neither one was found to be superior in randomized clinical trials. In a meta-analysis, the efficacy of β-lactam/β-lactamase inhibitors and carbapenems appears equivalent in sepsis [32] .
Other issues to consider are how to administer antimicrobials, the duration of treatment, and the use of procalcitonin-guided antibiotics. Continuous infusion and intermittent bolus dosing of β-lactams were compared in septic patients not receiving renal replacement therapy [33] . Patients on continuous-infusion antibiotics had higher clinical cure rates within 14 days after the cessation of antibiotics (primary outcome), greater pharmacokinetic/pharmacodynamic target attainment, and more ventilator-free days than the intermittent bolus group, but no difference in 30-day survival. In another trial, discontinuation of antibiotics based on a procalcitoninguided protocol decreased the duration of antibiotic adminstration (7.5 vs. 9.3 days) and mortality at 28 days and 1 year, respectively, compared to usual care in critically ill patients with infection [34] . However, the patients on the procalcitonin-guided protocol had greater rates of re-in-DOI: 10.1159/000487818 fection than those who had their antibiotics discontinued according to usual care. Earlier discontinuation of antimicrobials might attenuate the disruption of the gut microbiome caused by the use of broad-spectrum antibiotics [35] .
Antimicrobial Peptides Antimicrobial peptides (AMPs) are a natural part of the host innate immune system [36] , and have antimicrobial, immunostimulatory, and anti-inflammatory properties [37] . AMP levels are increased in septic shock [38] . AMPs include cathelicidin (LL-37) [39] , bactericidal/permeability-increasing protein (BPI) [40] , and lactoferrin [41] . An infectious stimulus triggers the release of AMPs from activated neutrophils, causing a proinflammatory response. However, anti-endotoxin activity directly associated with AMPs may lead to an anti-inflammatory response, mediated by a decrease in the activation of immune cells [42] . Some AMPs have shown positive correlations with procalcitonin (e.g., HDB-2) [43] or white blood cell count (e.g., lactoferrin) [44] , while BPI has been associated with severe organ dysfunction in sepsis [45] .
AMPs have been studied in sepsis and septic shock [46, 47] . Talactoferrin-α, a recombinant human form of lactoferrin, was associated with a trend towards a decreased 28-day mortality rate, especially in patients with APACHE II (Acute Physiology and Chronic Health Evaluation II) scores of > 25 in a phase II trial [46] . However, it was negative in a subsequent phase II/III trial that was prematurely terminated (NCT 01273779). Recently, MD54 (an MD2-derivative peptide that encompasses a sequence from human MD2 that is involved with hydrophobic and electrostatic interactions with LPS) was investigated for its effects on LPS binding and neutralization, and also on anti-inflammation, and showed that MD54 interacts with LPS, promotes its aggregation and inhibits the LPS-induced nuclear translocation of NF-κB in a human macrophage cell line. MD54 was also associated with inhibition of IL-6 and TNF-α production and improved survival in a murine LPS injection model [47] .
Anti-Cytokine Trials in Sepsis
Numerous trials of anti-cytokines have been done and all were negative. One interpretation that aligns with the efficacy of early antibiotics is that inhibiting the natural defense against the infecting organism is not effective. We suggest that these results, i.e., the efficacy of early antibiotics and the failure of host response inhibition to fight infection, emphasize the need for more research into agents that inhibit the organism and organism endotoxins.
Recently, a recombinant IL-1 receptor antagonist (ana kinra) was associated with improved 28-day survival rates in a reanalysis of its original phase III trial in a subgroup of patients with severe sepsis associated with macrophage activation syndrome. The 28-day survival rate in patients who received anakinra was 65.4% versus 35.3% receiving placebo [48] .
Anti-Endotoxin Therapies
Therapies aiming to neutralize or remove endotoxins evaluated over the last 20 years include agents that block LPS binding to TRL4 (eritoran) [49] and monoclonal antibodies against endotoxins (monoclonal antibody E5) [50] . Studies analyzing these drugs did not demonstrate a survival benefit (28-day mortality rate for eritoran and 14-day mortality rate for E5 when compared to placebo) in patients with severe sepsis.
The removal of endotoxins and/or cytokines using blood purification techniques is an attractive option in sepsis and septic shock. Polymixin B hemoperfusion was associated with improvements in hemodynamics and organ dysfunction in patients with intra-abdominal sepsis in a nonblinded trial [51] . However, the EUPHRATES (Evaluating the Use of Polymyxin B Hemoperfusion in a Randomized Controlled Trial of Adults Treated for Endotoxemia and Septic Shock) study, which included patients with all sources of septic shock was essentially negative; there was no difference in 28-day survival between patients receiving polymyxin B hemoperfusion and those under usual care [52] .
There are at least 2 ongoing trials analyzing other blood purification techniques in sepsis. The first is evaluating the effects on the inflammatory response of cytokine absorption (CytoSorb ® ) in patients with septic shock (NCT 02288975), and the second (in the preclinical phase) is investigating the use of magnetic nanobeads coated with an engineered human MBL, opsonin, for the removal of pathogens and toxins [53] .
Modulating the Endotoxin Clearance Cascade
The human host has developed a natural system for endotoxin removal that we call the "endotoxin clearance cascade." This endotoxin clearance cascade can be modulated to increase natural endotoxin removal in sepsis.
Endotoxins are bound to HDL, LDL, and VLDL in the circulation via the actions of cholesterol transport proteins. Scavenger receptor class B type 1-mediated hepatic elimination and detoxification clears the LPS that is sequestered in HDL. Hepatic uptake of pathogen lipids (e.g., LPS and LTA) bound to LDL occurs by hepatocyte clearance through the LDLR, and ultimately to bile excretion [54] . PCSK9 degrades the LDLR, thereby decreasing LDLR-mediated LPS removal [55] . So PCSK9 inhibition could be an effective strategy to increase endotoxin removal, by increasing hepatocyte LDLR expression and the subsequent hepatocyte clearance of LPS and other toxic bacterial lipids carried within LDL. In a murine model of sepsis, the treatment with a PCSK9 inhibitor 6 h after cecal ligation and puncture improved survival compared with placebo. Furthermore, in humans, PCSK9 loss of function genotype was associated with increased 28-day survival (compared with the wild-type genotype) in 2 cohorts of patients with septic shock [56] . In an animal model of sepsis, PCSK9 knockout mice subjected to cecal ligation and puncture had lower bacterial concentrations in the blood, lungs, and peritoneal fluid than wild-type controls; PCSK9-overexpressing mice had higher bacterial concentrations in the blood, lungs, and peritoneal fluid [57] . Thus, the inhibition of PCSK9 has several potentially beneficial effects in sepsis and septic shock: (1) it increases hepatic clearance of pathogen endotoxins by increasing LDLR expression, and (2) it decreases the bacterial load in the peritoneum and, remarkably, also at remote sites (blood and lung).
We suggest that modulation of the whole endotoxin clearance cascade to increase natural endotoxin removal in sepsis is a promising and exciting novel therapeutic strategy for managing sepsis and septic shock. This strategy would provide a broad-spectrum adjunct to all antibiotics in severe infection.
Anti-PCSK9 antibodies did not decrease mortality in a high-dose LPS model [58] . Further studies are needed in more appropriate live-organism and infection models of sepsis and septic shock.
Fecal Microbiota Transplantation
Sepsis changes the fecal, oral, lung, and skin microbiomes, i.e., so-called dysbiosis [59] . Overuse of antibiotics in the intensive care unit (ICU) is likely the most important factor associated with dysbiosis, and it contributes to the increased incidence of Clostridium difficile infection (CDI) and nosocomial infections [59] . Both CDI and nosocomial infections can progress to sepsis or be a consequence of sepsis treatment. The reestablishment of a healthy microbiome and the normal dominance of healthy bacteria, can be achieved by a fecal microbiota transplant (FMT), in which feces from a healthy donor are instilled into the patient's gastrointestinal tract. FMT reduces colitis in patients with CDI and might be another strategy to treat dysbiosis by restoring a healthy microbiome. A more in-depth understanding of the microbiome changes caused by sepsis is needed to define how to treat this condition [60] .
Drugs Targeting Intestinal Epithelial Cell Barriers
The maintenance of gut barrier function by healthy intestinal epithelial cells is crucial for the host's defense and response to infection. A dysfunctional intestinal barrier causes microbiome alterations (dysbiosis) [60] that contribute to a sustained and systemic immune dysfunction in sepsis and septic shock [61] .
Drugs associated with intestinal barrier protection, antiapoptotic properties, and/or protection against increases in intestinal permeability, such as IL-11 [62] and insulin-like growth factor (IGF) [63] , have been analyzed in preclinical studies. Reduced levels of IGF were previously demonstrated in patients with sepsis [64] . Additionally, a decline in IGF1 level was inversely correlated with the degree of bacterial translocation across the gastrointestinal epithelium in patients with gram-positive sepsis [63] .
Immunomodulatory Drugs
Sepsis-associated excessive inflammation and immune suppression are both potential therapeutic targets that have been evaluated in preclinical and clinical trials. Sepsis-associated immune suppression is characterized by lymphocyte exhaustion, increased apoptosis [16] , and reduced expression of HLA-DR in monocytes [17] . Preclinical studies have shown associations between the therapeutic use of IL-7 and the induction of T and B cell growth and inhibition of lymphocyte apoptosis [65] . Another strategy that has been analyzed is the use of monoclonal antibodies against PD1 and its ligand PDL1. In vitro studies in lymphocytes from septic patients incubated with both antibodies demonstrated improvements in cell function and reductions in apoptosis [66] . A phase Ib/IIa study analyzing the use of PDL1 antibody in patients with sepsis has just been terminated due to "changes in business objectives," and there are no results available so far (NCT 02576457). In a multicenter, double-blind, placebo-controlled randomized trial, the use of granulocytemacrophage colony-stimulating factor (GM-CSF) in patients with sepsis-associated immune suppression was able to normalize HLA-DR expression in monocytes and restore monocyte cytokine production. GM-CSF use was also associated with nonsignificant decreases in the duration of mechanical ventilation, ICU and hospital length of stay, and improvements in APACHE II scores when compared to placebo [67] . In addition, mesenchymal DOI: 10.1159/000487818 stem cells have been associated with anti-inflammatory, immunomodulatory, antiapoptotic, and antimicrobial properties [68] . A phase I clinical trial in patients with infections who were admitted to the ICU is ongoing (NCT 02421484).
A Novel Strategy to Complement Antibiotics in Sepsis
Over 100 randomized controlled trials have tested the hypothesis that modulating the host response to infection improves survival; none of them resulted in new treatments. In contrast, early antibiotics have repeatedly been shown to decrease sepsis mortality. Sepsis is a risky field for drug development because it is extremely complex, being characterized by the heterogeneity of infecting organisms and of human hosts.
We selected 2 novel strategies in an effort to discover novel sepsis therapies. First, we focused on the early infectious phase of sepsis to develop adjuncts to antibiotics. Second, we inverted the usual drug discovery sequence (Fig. 3) . The majority of previous drug trials used a classic research approach; researchers identified a mechanism implicated in sepsis pathophysiology in animal models and then proceeded to human clinical trials. Unfortunately, this strategy did not take into account the marked genetic heterogeneity of the human host response, and we believe this is why so many previous drug trials of sepsis have failed.
Instead, we inverted (as shown by our PCSK9 discovery) the candidate target discovery sequence (Fig. 3 ). We started with human 'omics for drug candidate discovery (instead of animal models), confirmed the mechanisms in human-cell sepsis models and clinically relevant murine sepsis models, and then made go/no-go decisions for potential validated targets for clinical trials. We intentionally focused on the acute early infection stage of sepsis, not the later host inflammatory and coagulation response stage, because early administration (within 1 h) of antibiotics has been shown to be the most effective treatment for sepsis. However, because antibiotics do not remove bacterial endotoxins, we hope to discover novel validated targets that act as broad-spectrum adjuncts to all antibiotics in severe infections by enhancing the body's natural mechanisms for removing endotoxins.
Personalized Medicine for Sepsis
Sepsis is a complex syndrome, associated with enormous heterogeneity of both the causative pathogens and the human hosts. Importantly, responses to sepsis are highly variable, both among different patients and within the same patient over time [69] . All patients with sepsis and septic shock have a distinct immune status, comorbidities, pathogens, sources of infection, and genetic predisposition. Such heterogeneity explains, in part, why many clinical trials of sepsis have failed.
Personalized medicine for sepsis could mitigate its heterogeneity and increase the chances of attaining positive trials by using tailored therapies (i.e., use specific therapies to treat specific groups or endotypes of patients). Early organism detection in blood within a few hours by new real-time multiplex polymerase chain reaction tests [70] , with its rapid and accurate identification of organisms can facilitate earlier specific antibiotic treatment. This strategy could replace the recommended initiation of empirical broad-spectrum antibiotics for all patients with sepsis.
Similarly, the use of PCSK9 inhibitors in patients with septic shock who carry a PCSK9 gain of function (GOF) genotype, allowing the use of specific therapies based on personal genotype information [56] , is another example of personalized medicine. We took a candidate gene approach, studying the role of PCSK9 genetic variants during sepsis, because PCSK9 inhibitors were actually devel- oped as a novel class of drugs for lowering cholesterol in atherosclerosis patients. PCSK9 impedes LPS clearance from the blood by decreasing LDLR density on hepatocytes (Fig. 2) . We genotyped candidate single-nucleotide polymorphisms in 2 patient cohorts and discovered that septic patients with PCSK9 loss-of-function (LOF) genotypes have significantly increased survival and decreased inflammatory response [71] . Patients carrying a PCSK9 LOF allele had lower plasma cytokine concentrations than patients carrying a GOF allele. We then showed that healthy humans with PCSK9 LOF, given a low-dose LPS infusion, have significantly reduced inflammatory responses, suggesting a mechanism of the survival benefit of the PCSK9 LOF. This benefit endures; PCSK9 LOF patients had significantly lower rates of readmission or death after sepsis [71] . In a clini- Negative phase 3 trial in human septic shock [49, 50] Attenuation of excessive inflammatory response induced by sepsis
Antimicrobial peptide MD54
Inhibition of proinflammatory cytokines transcription in in vitro studies; decreased IL-6 and TNF-α production in animal studies; increased survival in murine CLP model [47] Normalization of monocyte HLA-DR expression; restoration of monocyte cytokine production; nonsignificant decreases in time of mechanical ventilation, ICU, and hospital length of stay; improvements in APACHE-II in human septic shock [67] GM-CSF Attenuation of immune suppression induced by sepsis IL-7 Induction of T and B cell growth; inhibition of lymphocyte apoptosis in preclinical studies [65] Monoclonal antibody against PD1 and PDL1 Improvements in lymphocyte function and reduction of apoptosis in vitro [66] Intestinal barrier protection IL-11, insulin-like growth factor Protection against increased intestinal permeability and anti-apoptotic properties in preclinical studies [62, 63] Microbiome reestablishment
Fecal microbiota transplant Attenuation of colitis in patients with Clostridium difficile infection [59] Pathogen clearance Monoclonal antibody against PCSK9 Greater survival in murine CLP model [56] APACHE-II, Acute Physiology and Chronic Health Evaluation II; LPS, lipopolysaccharide; TLR4, Toll-like receptor 4; CLP, cecal ligation and puncture; GM-CSF, granulocyte macrophage colony-stimulating factor; HLA-DR, human leukocyte antigen class 2; ICU, intensive care unit; IL, interleukin; PD1, programmed death-1; PDL1, programmed death ligand-1; PCSK9, proprotein convertase subtylisin/kexin type 9.
DOI: 10.1159/000487818 cally relevant murine model of sepsis, we showed that: (1) PCSK9 knockout mice and (2) mice treated 6 h after the induction of peritonitis with a PCSK9-blocking antibody had a higher survival rate and lower inflammatory responses [57] . The therapies discussed in this section are summarized in Table 1 .
Conclusions
Great advances in the understanding of organism infection and organism toxicity in sepsis include therapeutic approaches related to the genetics of the infecting organism and the host. However, early antibiotic administration and appropriate supportive care are still the only therapies associated with improved outcomes in sepsis. Moreover, to date, no biomarker can completely determine the diagnosis and/or prognosis of sepsis. Further research and trials investigating better antimicrobial strategies and personalized medicine are needed in septic patients.
